Voriconazole is a broad-spectrum antifungal agent used for the treatment of severe fungal infections. Maintaining therapeutic concentrations of 1 to 5.5 g/ml is currently recommended to maximize the exposure-response relationship of voriconazole. However, this is challenging, given the highly variable pharmacokinetics of the drug, which includes metabolism by cytochrome P450 (CYP450) isotypes CYP2C19, CYP3A4, and CYP2C9, through which common metabolic pathways for many medications take place and which are also expressed in different isoforms with various metabolic efficacies. Proton pump inhibitors (PPIs) are also metabolized through these enzymes, making them competitive inhibitors of voriconazole metabolism, and coadministration with voriconazole has been reported to increase total voriconazole exposure. We examined the effects of five PPIs (rabeprazole, pantoprazole, lansoprazole, omeprazole, and esomeprazole) on voriconazole concentrations using four sets of human liver microsomes (HLMs) of different CYP450 phenotypes. Overall, the use of voriconazole in combination with any PPI led to a significantly higher voriconazole yield compared to that achieved with voriconazole alone in both pooled HLMs (77% versus 59%; P < 0.001) and individual HLMs (86% versus 76%; P < 0.001). The mean percent change in the voriconazole yield from that at the baseline after PPI exposure in pooled microsomes ranged from 22% with pantoprazole to 51% with esomeprazole. Future studies are warranted to confirm whether and how the deliberate coadministration of voriconazole and PPIs can be used to boost voriconazole levels in patients with difficult-to-treat fungal infections.
V
oriconazole is a broad-spectrum antifungal agent with activity against Aspergillus, Candida, Scedosporium, and Fusarium spp. and is predominantly used in settings of invasive fungal infections (1) (2) (3) . Voriconazole is extensively metabolized in the liver, primarily through the cytochrome P450 (CYP) enzyme CYP2C19 and, to a lesser extent, through CYP enzymes CYP3A4 and CYP2C9. Its high bioavailability (Ն90%) and extensive tissue distribution are advantageous characteristics of voriconazole. On the other hand, voriconazole is also known for exhibiting wide inter-and intraindividual variability in plasma concentrations, depending on an individual's age, liver function, CYP450 polymorphisms, plasma albumin levels, and concomitant medications (4) (5) (6) (7) (8) . Furthermore, nonlinear pharmacokinetics complicate the dose-concentration relationship of voriconazole, potentially leading to unpredictable exposures after incremental dose changes (9, 10) . Trough concentrations between 1 and 5.5 g/ml have correlated with improved clinical responses as well as decreased incidences of adverse events (4, 5, (10) (11) (12) (13) (14) (15) . Therapeutic drug monitoring (TDM) is therefore recommended to ensure optimal systemic voriconazole exposure (5, 16, 17) .
Voriconazole interacts with an exhaustive list of medications, many of which can significantly impact plasma concentrations. Proton pump inhibitors (PPIs) are of particular interest, as they are among the most widely used medications and also undergo CYP450-dependent metabolism, primarily through CYP2C19, CYP3A4, and CYP2C9 (18) , making these drugs competitive inhibitors of voriconazole. Both voriconazole and PPIs are also vulnerable to the significant pharmacokinetic variability associated with CYP2C19 polymorphisms. Unsurprisingly, increased plasma voriconazole concentrations during coadministration with a PPI have been reported (5, 12, 19, 20) . Despite the widespread use of PPIs and the potential for CYP450-mediated interactions with voriconazole (12, 17) , the net effect of PPIs on voriconazole pharmacokinetics has not been delineated. Although drug-drug interactions are generally perceived to be sources of adverse events, moderate inhibition of voriconazole metabolism may be clinically beneficial if it can lead to expedited target attainment. Intentional boosting of voriconazole concentrations may be advantageous when treating individuals harboring ultrarapidly metabolizing CYP450 enzymes, particularly when coupled with TDM. To investigate this issue in finer detail, we explored the effects of PPI exposure on voriconazole concentrations using a cell-free system of pooled and single-donor human liver microsomes (HLMs) with various CYP450 enzyme activity profiles.
MATERIALS AND METHODS

Chemicals and reagents.
Voriconazole and itraconazole were purchased from Selleck Chemicals (Houston, TX). Lansoprazole, esomeprazole, and omeprazole were obtained from Sigma (St. Louis, MO). Rabeprazole and pantoprazole were obtained from the U.S. Pharmacopeia (Rockville, MD). Sulfobutylether cyclodextrin (Captisol; used in pharmaceuticalgrade intravenous voriconazole) was obtained from Cydex Pharmaceuticals (Lenexa, KS). A RapidStart NADPH-generating system was obtained from XenoTech LLC (Lenexa, KS). Acetonitrile and methanol were highperformance liquid chromatography (HPLC) grade and purchased from VWR (Radnor, PA). Ultrapure deionized water was generated using an Aqua Solutions type I water purification system (resistivity, Ն18.2 M⍀) and used in all applications.
Pantoprazole and rabeprazole stock solutions were prepared at 1 mg/ml in water. Voriconazole and esomeprazole were solubilized at 1 mg/ml with 40% (wt/vol) sulfobutylether cyclodextrin and rocked overnight at 4°C. The resulting clear solution was passed through a 0.2-mpore-size syringe filter to remove insoluble material and then aliquoted and stored at Ϫ80°C. Itraconazole was prepared daily at 5 mg/ml in dimethyl sulfoxide and diluted in methanol to the desired final concentration. Lansoprazole and omeprazole were solubilized at 19.2 mM in methanol.
HLMs. Two pooled and two individual HLM preparations were obtained from XenoTech LLC (Lenexa, KS). Pooled microsomes were derived from mixed gender populations: the first (PMG1) consisted of 8 donors unselected on the basis of CYP450 enzyme activity, while the second (PMG2) consisted of 15 donors and represented a population with phenotypes with notably higher levels of CYP3A4/5 activity. The remaining two preparations consisted of HLMs prepared from two individual, genotyped donors: (i) a 45-year-old Caucasian male with the 2C19*1/*1 genotype, or a wild-type (WT), homozygous extensive metabolizer (2C19-WT), and (ii) a 59-year-old Caucasian female with the 2C9*1/*1 genotype, or a wild-type, homozygous extensive metabolizer (2C9-WT). The manufacturer provided the CYP enzyme metabolic profiles (in picomoles per milligram of protein per minute) for each HLM, based on standard CYP isoform-specific probe substrate reactions (S-mephenytoin for CYP2C19, diclofenac for CYP2C9, midazolam for CYP3A4, and testosterone for CYP3A4/5). These predetermined HLM CYP enzyme rates (in picomoles per milligram of protein per minute) are summarized as relative enzyme activities in Table 1 . Notably, the 2C19 enzyme activity rates were similar between the genotyped single-donor HLMs, 2C19-WT and 2C9-WT, but the 2C19 enzyme activity rates of 2C19-WT and 2C9-WT were significantly lower than those of the pooled HLMs (PMG1 and PMG2). CYP enzyme activity ratios also revealed variable CYP3A4 and CYP3A4/5 activity rates for PMG1 versus PMG2 and 2C19-WT versus 2C9-WT.
Voriconazole-PPI interaction studies. Voriconazole (2 M, or 0.7 g/ml) was combined with esomeprazole, omeprazole, lansoprazole, rabeprazole, or pantoprazole at 12 M (4.1 to 4.6 g/ml) each in 0.1 M phosphate buffer (pH 7.4) containing 3 mM magnesium chloride. HLMs were added at a final concentration of 1 mg/ml protein. These reaction conditions were selected semiempirically to enable in vitro measurement of the differences in voriconazole metabolism between PPI and microsome types. In preliminary studies (data not shown), lower voriconazole concentrations were difficult to quantify by HPLC after a 60-min incubation, and higher concentrations were minimally metabolized by microsomes; 2 M is also the concentration used in previously published studies (21, 22) . A 1:1 molar ratio of PPI to voriconazole had no quantifiable influence on voriconazole metabolism, leading to the selection of a 12 mM PPI concentration (6:1 molar ratio of PPI to voriconazole). The RapidStart NADPH-generating system was diluted according to the manufacturer's recommendations and added to the incubation mixture to give an expected NADPH concentration of 1.4 to 1.8 mM. At time zero and 60 min, 200-l aliquots were removed from the reaction mixture and quenched in 1 ml ice-cold methanol containing 1 g itraconazole (internal standard). For each PPI tested, a control mixture containing the solubilization vehicle (water, sulfobutylether cyclodextrin, or methanol) at the same concentration at which it was used in the test mixture was prepared and assayed in parallel. Samples were centrifuged at 10,000 ϫ g for 10 min to precipitate the microsomal proteins. The supernatant was dried under a stream of air (ϳ15 liters/min) and reconstituted in 150 l of HPLC mobile phase A (5 mM ammonium acetate, pH 4). Each interaction study was performed three to four times.
HPLC conditions. Calibration standards were prepared using heatinactivated (45°C for 30 min) microsomal proteins and contained between 0.29 and 2.9 M voriconazole. Calibration samples were quenched in methanol-itraconazole and treated as described above. Validation standards prepared in the mobile phase were used to verify instrument performance between calibrations and determine the percent analyte recovery. Each PPI was prepared at 10 g/ml in mobile phase A and assayed by HPLC to determine the elution time and potential interference with the voriconazole assay. HPLC was performed as described by Yanni et al. (21), with minor modifications, using an Agilent 1200 series instrument equipped with a C 18 (2) Luna column (150 by 4.6 mm; 100 Å; Phenomenex, Torrance, CA). Detection was by UV at 265 nm.
The mobile phase components were 5 mM ammonium acetate, pH 4 (mobile phase A), and acetonitrile (mobile phase B), both of which contained 0.1% trifluoroacetic acid. A linear gradient of 95% mobile phase A to 10% mobile phase A over 13 min at a flow rate of 1 ml/min was used. Voriconazole and itraconazole (the internal standard) eluted at 11.1 and 12.1 min, respectively. Voriconazole concentrations were quantitated by comparing the peak area ratios (voriconazole/internal standard) to the peak area ratios generated with a standard curve. Standard curve correlation coefficients (r 2 values) were greater than 0.99. Data analysis. Voriconazole concentrations at time zero and after 60 min were calculated for each sample using the slope of the HPLC calibration curve as described above. The percentage of the original voriconazole concentration remaining at the end of each experiment was calculated by dividing the concentration at 60 min by the average concentration (n ϭ 3 to 4) under the same conditions at time zero. The percent change in voriconazole stability observed due to PPI addition was calculated as
, where M ppi and M c represent the fraction of voriconazole remaining in the presence and absence of PPI, respectively. The magnitude of these differences was compared to the overall inhibition by all PPIs (n ϭ 12 to 14) or by individual PPIs (n ϭ 3 to 4) using one-way or two-way analysis of variance (ANOVA) with Tukey post hoc multiple comparisons. Data were analyzed using GraphPad Prism software (version 5.0; GraphPad Software, San Diego, CA). P values of Ͻ0.05 were considered statistically significant.
RESULTS
Characterization of baseline voriconazole concentration in
HLMs and mean PPI treatment effect. The percentage of voriconazole remaining after 60-min incubations with microsomes was determined for voriconazole alone and voriconazole in combination with PPIs (Fig. 1) . Variability in the remaining voriconazole percentages was notable between certain HLM groups, even before PPIs were introduced into the incubation mixtures. The voriconazole concentrations remaining at the baseline (i.e., with- out PPI) in single-donor HLMs averaged 75.8% Ϯ 10.7% of the starting concentrations. The baseline percentage of voriconazole remaining in 2C19-WT microsomes was notably high at 85.8% Ϯ 2.8%, indicating minimal voriconazole loss during incubation, whereas it was 66.6% Ϯ 5.2% in 2C9-WT microsomes. The consumption of voriconazole was markedly greater in pooled microsomes, with mean baseline percentages averaging 59.1% Ϯ 7.7% of the initial voriconazole concentrations. The differences in the remaining voriconazole concentrations between pooled and individual HLMs observed at the baseline are consistent with the ratios of precharacterized CYP450 enzyme activities reported by the manufacturer ( Table 1) . The addition of a PPI increased the percentage of voriconazole remaining for all microsome types. For PGM1 microsomes, addition of a PPI increased the remaining voriconazole percentage from 64.5% Ϯ 5.6% to 86.0% Ϯ 8.0%. For PGM2 microsomes, addition of a PPI increased the remaining voriconazole percentage from 53.3% Ϯ 4.7% to 70.0% Ϯ 7.0%. For 2C19-WT microsomes, addition of a PPI increased the remaining voriconazole percentage from 85.8% Ϯ 2.8% to 94.0% Ϯ 5.0%. Finally, for 2C9-WT microsomes, addition of a PPI increased the remaining voriconazole percentage from 66.6% Ϯ 5.2% to 78.0% Ϯ 8.0%.
All comparisons resulted in a statistically significant difference (P Ͻ 0.001).
Differential effects of individual PPIs. Relative PPI treatment effects on voriconazole are illustrated in Fig. 2 . Overall, PPI exposure increased the amount of voriconazole remaining in pooled microsomes compared with that at the baseline by an average of 32%. Esomeprazole demonstrated the largest effect, producing a 51% Ϯ 7.8% mean percent increase in the voriconazole concentration from that at the baseline. Rabeprazole and lansoprazole were a distant second, producing 32% and 31% mean increases, respectively, followed by omeprazole and pantoprazole, each producing a mean increase of 22%. The magnitude of the effect from each PPI was similar (within 5%) between PMG1 and PMG2, with the exception of that from omeprazole, which showed a greater impact on voriconazole in PMG1 than PMG2 (33% versus 15%).
The overall PPI effect on the voriconazole concentration in single-donor HLMs was lower and more variable, producing a mean increase of 13% Ϯ 10% compared to that in pooled HLMs. Combination of voriconazole with esomeprazole, rabeprazole, or lansoprazole increased the voriconazole yield by 18% compared to that at the baseline. Contrary to the findings with pooled HLMs, the addition of pantoprazole did not significantly alter the remaining voriconazole quantities in single-donor HLMs (mean change, Ϫ2.6%; P Ͼ 0.05).
The degree to which each PPI impacted voriconazole differed between 2C19-WT and 2C9-WT (a 9% Ϯ 16% versus a 16% Ϯ 13% increased voriconazole yield), despite the presence of nearly equivalent CYP2C19 enzyme activities (Fig. 3) . This difference grew larger when the negligible effects from pantoprazole exposure were excluded (12% Ϯ 4% versus 22% Ϯ 6%). PPI treatment effects were similar for esomeprazole, lansoprazole, omeprazole, and rabeprazole with 2C9-WT microsomes (range of mean change in the voriconazole yield from that at the baseline, 21% to 25%) but were lower and more variable with 2C19-WT (mean change, 8% to 16%). Differences in individual PPI treatment effects between 2C19-WT and 2C9-WT were most notable for rabeprazole (an 8% versus a 25% increased voriconazole yield) and omeprazole (an 8% versus a 22% increased voriconazole yield).
DISCUSSION
In this study, we used an in vitro model to examine the influence of five different PPIs on voriconazole using four phenotypically distinct HLMs. Two pooled HLMs were included, one of which was derived from patients unselected for CYP450 enzyme activity (PMG1) and another representing HLMs from a population with high CYP3A4/5 enzyme activity (PMG2), were included. Pooled HLMs provide a means for determining the average expected effect from a drug interaction, given that the HLMs are derived from a combination of several individual donors. Individual HLMs, typically used for characterizing CYP enzymes during drug metabolism, are known for significant interindividual variability in CYP enzyme activity but were included nonetheless to examine the effects of a voriconazole-PPI interaction in two individual genotypes. The results obtained with pooled HLMs revealed a potential for any one of the five PPIs to influence the voriconazole concentration. Esomeprazole demonstrated the greatest effect on voriconazole, with postincubation voriconazole yields exceeding those at the baseline by more than 50%. Although the propensity for other PPIs to influence the voriconazole yield was lower than that of esomeprazole, the effect was appreciable nevertheless in pooled HLMs, with a mean 22% increase in the voriconazole yield being achieved with pantoprazole and omeprazole and mean 31% and 32% increases being achieved with lansoprazole and rabeprazole, respectively. These data are valid for the tested concentrations of voriconazole (2 mM) and PPI (12 mM) and may vary considerably depending on both the absolute and the relative amounts of the two drugs. As the product of an in vitro test, these results do not account for the complexity of organism-level physiology, and so it is difficult to correlate the concentrations of voriconazole and PPI used here with those that would be required to achieve similar effects in vivo. However, case studies indicate that the interaction between these drugs is both tolerated and measureable at clinically achievable concentrations (5, 12, 23) , and the findings of further clinical studies to systematically determine these interactions would be informative when used in conjunction with the data from the present study.
Voriconazole is a safe and effective antifungal agent, provided that plasma concentrations are maintained within a therapeutic range to maximize the exposure-response relationship. The large intra-and interindividual variability in voriconazole pharmacokinetics creates difficulties with achieving adequate exposures. Recent literature suggests that current dosing regimens result in plasma voriconazole concentrations that are frequently below the expected therapeutic concentration (12, 24, 25) . One recent review noted that of 14,370 untimed plasma samples from patients on voriconazole, only 50% had concentrations in the therapeutic range of 1 to 5.5 g/ml. An additional 39% of samples had levels below 1 g/ml, and the levels were undetectable (Ͻ0.2 g/ml) in more than 10% of subjects.
Achievement of voriconazole target concentrations is especially critical when treating severe, life-threatening infections. Voriconazole was a first-line treatment in the 2012 outbreak of invasive fungal infections, primarily from Exserohilum rostratum, that resulted from epidural injections of contaminated methylprednisolone acetate. Many of these infections invaded the central nervous system (26, 27) , and cerebrospinal fluid voriconazole concentrations of 1 to 2 g/ml were recommended for treatment of the E. rostratum infection (26) . Since the penetration of voriconazole across the blood-brain barrier is approximately 50% of the plasma concentration (27, 28) , maintenance of a 6-g/ml plasma level was recommended. At this level, side effects may be increased (27) , but this concentration was achieved in less than 50% of patients with standard dosing (29) . Likewise, invasive soft tissue fungal infections have previously been described in immunocompromised patients (30) (31) (32) and have more recently been described to be an emerging problem in civilian and military trauma patients (33) (34) (35) (36) . Several clinical studies evaluating voriconazole therapeutic drug monitoring and factors affecting plasma concentrations have reported an association between concomitant PPI use and elevated voriconazole concentrations (5, 12, 23) . Furthermore, case reports of the occurrence of increased plasma voriconazole concentrations after coadministration of voriconazole with a PPI have also been reported; two of the reports were distinct, in that the studies involved the deliberate use of a PPI to boost voriconazole concentrations into the therapeutic range (19, 20, 37) . For patients in whom higher plasma voriconazole levels are required to improve tissue penetration or to overcome rapid metabolism, PPI-mediated inhibition could be a reasonable solution for achieving target voriconazole concentrations, provided that TDM is available to guide therapy.
Of the five PPIs tested herein, esomeprazole produced the greatest increase in voriconazole levels in our assay. This observation is consistent with the in vitro findings of Zvyaga et al. (38) , in which esomeprazole was identified to be one of the most potent inhibitors of CYP2C19. The in vitro inhibitory effects of esomeprazole on voriconazole appear to translate clinically as well. A post hoc analysis from a retrospective clinical study of voriconazole TDM revealed a statistically significant association between increased voriconazole concentrations and esomeprazole use (P Ͻ 0.0001) but not between increased voriconazole concentrations and pantoprazole or rabeprazole use (23) . Pantoprazole appeared to have the smallest effect on voriconazole yield in our study, although a sizeable increase of 22% was still observed in pooled HLMs, and the effect of pantoprazole was similar to that of omeprazole. However, the effect of pantoprazole exposure on the voriconazole yield was essentially nonexistent in individual HLMs. Pantoprazole appears to consistently have the lowest propensity of the PPIs tested to inhibit voriconazole concentrations in vivo. Linear regression analysis from a multicenter retrospective clinical study (12) revealed that higher median voriconazole concentrations occurred during coadministration with esomeprazole, pantoprazole, omeprazole, or rabeprazole (lansoprazole was not included in that study). However, although the effect of pantoprazole was statistically significant (P Ͻ 0.01), a low regression coefficient indicated reduced effects from pantoprazole compared to those of other PPIs. Hoenigl et al. found a statistically significant association between subtherapeutic voriconazole concentra-tions and concomitant PPI treatment (P Ͻ 0.01), with 88% of the concomitant PPI treatments consisting of pantoprazole (39) .
Omeprazole demonstrated variable effects on the remaining voriconazole concentrations, which differed not only between 2C19-WT and 2C9-WT microsomes (8% versus 22% increased voriconazole yields) but also between PMG1 and PMG2 microsomes (33% versus 15%). Omeprazole was the least effective of the five PPIs at producing changes in voriconazole concentrations with PMG2 microsomes, which was unexpected. Given the higher CYP enzyme activities (CYP2C19, CYP2C9, CYP3A4/5) of PMG2 microsomes than PMG1 microsomes (Table 1) , we anticipated a similar if not greater impact of omeprazole treatment of PMG2 microsomes, as was observed with the other PPIs. Another unexpected finding was the significant impact after exposure to rabeprazole, yielding an average of 32% excess voriconazole from that at the baseline in pooled microsomes. Rabeprazole also showed the greatest impact on voriconazole when incubated with the single-donor microsome 2C9-WT, although its impact was similar in magnitude to that of lansoprazole, omeprazole, and esomeprazole (25% versus 21 to 22% increased voriconazole yields). These observations with rabeprazole are in contrast to the findings of previous in vitro studies in which rabeprazole was identified to be a weak CYP2C19 and CYP3A4 inhibitor (38, 40) . One possible explanation for the results obtained with omeprazole and rabeprazole may be related to the disposition and metabolism of their enantiomers. Omeprazole, for example, exists as a racemic mixture of S-and R-enantiomers, and the extent of inhibitory effects on CYP2C19 and CYP3A4 enzymes may vary depending on the S/R enantiomer ratios (41, 42) . Rabeprazole is largely converted nonenzymatically to rabeprazole thioether, which has greater CYP2C19-and CYP3A4-inhibitory potency than rabeprazole (40) ; however, some rabeprazole also undergoes metabolism by CYP2C19 and CYP3A4A (43) . Changes in enantiomer ratios and the extent of metabolite formation can modulate the extent of the inhibitory effects of PPIs on CYP450 enzymes. Further studies including a detailed in vitro analysis of parent and metabolite concentrations may provide more insight into the mechanisms taking place during the interaction.
CYP2C19 is known to be a high-affinity, low-capacity enzyme, whereas CYP3A4 is a low-affinity, high-capacity enzyme (44) . Even though CYP2C19 is the primary enzyme responsible for voriconazole metabolism, CYP3A4 plays a larger role when the CYP2C19 enzyme functionality is low or null, and its role in poor metabolizers of CYP2C19 has been demonstrated (45, 46) . In our study, the two individual HLMs possessed similar CYP2C19 enzyme activities but very different CYP3A4 activities (Table 1) . Therefore, it is plausible that CYP3A4-mediated metabolism may have contributed to the differences in the remaining voriconazole quantities (both at the baseline and with PPI exposure) observed between the 2C19-WT and 2C9-WT microsomes, despite their nearly equivalent CYP2C19 enzyme metabolic rates.
CYP450 genotyping has been suggested to be a means to guide voriconazole dosing (47) (48) (49) . This follows the precedent of CYP450 genotyping to guide therapy in the cases of warfarin (50, 51) and clopidogrel (52, 53) . Recent reports indicate that CYP2C19 polymorphisms account for up to 50% of the interindividual variability in voriconazole exposures (54) . Although the CYP2C19 genotype is an important determinant of voriconazole pharmacokinetics, it has not been determined whether a correlation between the CYP genotype and clinical outcomes exists (55) and CYP genotypes are not 100% predictive of the CYP enzyme phenotype (56, 57) . Recently, Bouatou et al. reported on a patient receiving voriconazole who tested positive for the CYP2C19*17 variant (19) , which is predictive of high CYP2C19 enzyme activity. However, while the patient was on esomeprazole, phenotype testing with a probe substrate revealed significantly reduced CYP2C19 enzyme activity, at which point voriconazole trough concentrations were therapeutic. Unsurprisingly, a brief interruption of the esomeprazole therapy resulted in subtherapeutic voriconazole trough concentrations. Therefore, drug-induced phenotype conversion may be very relevant in the current context of PPI interactions with voriconazole. This gives rise to an important, clinical translation question: could a PPI be utilized (or repurposed) to reduce the variability or increase the predictability of plasma voriconazole concentrations? Such measures may be important steps toward advancing precision medicine into clinical practice.
Although this report provides new details on the in vitro interactions between PPIs and voriconazole, there are several limitations and unanswered questions. First, we speculate that higher voriconazole concentrations resulted from CYP450 isoenzyme inhibition by PPIs, but we did not assess metabolite formation by voriconazole or probe substrates. Additionally, samples for voriconazole quantitative analysis were collected at one nonzero time point, as opposed to multiple time points, and our selection of PPI concentrations, at 12 M each, reflected conditions optimizing a 60-min laboratory assay. Although the average expected peak (maximum) concentrations (C max ) with usual PPI doses are generally lower than the concentration selected for use in this study, ranging from ϳ1 to 6 M (18), PPI dosing regimens are highly variable depending on the indication. Treatment of pathological hypersecretory conditions, for example, may require dose escalations up to more than 10 times the usual dose (PPI package inserts). Higher plasma PPI concentrations are therefore more plausible when alternative dosing regimens are considered. However, we caution that coadministration with voriconazole could increase PPI levels as well, so lower doses may achieve similar effects. Furthermore, although current standards recommend the use of steady-state C max values for in vitro inhibitor concentrations (58) , there is uncertainty as to whether C max accurately represent in vivo inhibitor concentrations at the site of drug-enzyme interaction (59) . Other investigators used estimates representing presystemic exposures, such as liver or portal vein C max (38, 60) . Furthermore, while liver microsome models are excellent tools for evaluating drug metabolism, no in vitro system can adequately capture the complexity and multiple pathways or account for patient-specific confounding factors influencing the disposition of voriconazole. Extrahepatic mechanisms, such as intestinal CYP transport systems, could also impact the voriconazole-PPI interaction, given the abundance of CYP3A4 enzymes and efflux transporters.
Conclusions. Although circumventing CYP450-mediated drug interactions is common practice for preventing toxicities and adverse events, we propose the deliberate exploitation of one to maximize the exposure-response relationship of voriconazole. In conjunction with TDM, intentional administration of PPIs concurrently with voriconazole may be used to achieve therapeutic plasma voriconazole concentrations. Further studies should be pursued to confirm our findings obtained in this in vitro study.
